T he traditional method for measuring refractive errors in preschool-age children involves cycloplegic or noncycloplegic retinoscopy. Although skilled retinoscopists can provide reliable and valid measures of refractive error in children, previous research indicates that retinoscopy is subject to measurement bias and intraobserver/interobserver variation. [1] [2] [3] [4] [5] [6] [7] A means of measuring refractive error that is accurate, repeatable, and free of operator bias would be desirable in clinical, research, and screening settings. From a clinical perspective, such an instrument, along with a body of research on the instrument's measurement validity and reproducibility, could be used to detect significant change in refractive error over time, independent of any between-and within-retinoscopist bias or variability. From a research perspective, the instrument could reduce the opportunity for experimenter bias and would provide a means for standardization and comparability of measures among studies and across research laboratories. In addition, a reliable automated instrument that can be used by lay screeners and requires little cooperation from the children could prove to be an effective means of identifying children with high refractive error in a screening setting. The instrument would be especially useful for screening if normative data on the relationship between cycloplegic and noncycloplegic measurements were available and could be used to identify noncycloplegic refraction values that would provide the greatest sensitivity and specificity for detection of significant refractive error.
Previous research has indicated that autorefractors can provide reliable measures of refractive error that are comparable with or better than retinoscopy. 6 -10 One candidate for such an instrument is the Nikon Retinomax Kϩ autorefractor (Nikon Inc., Melville, NY), a hand-held instrument that measures refractive error. Several studies have indicated that the Retinomax Kϩ has good reproducibility of measurements, agrees well with retinoscopy measurements, and can be used with children. 8 -13 However, evaluations of reproducibility of Retinomax Kϩ representative measurements compared with reproducibility of retinoscopy measurements in young children have not been reported, and there have been no evaluations of the validity of the Retinomax Kϩ in highly astigmatic children.
The aims of this study were (1) to determine if the reproducibility of cycloplegic autorefraction (C-Autoref) and noncycloplegic autorefraction (NC-Autoref) measurements using the Retinomax Kϩ compares favorably with reproducibility of cycloplegic retinoscopy (C-RNS) measurements in children and (2) to determine the validity of the Retinomax Kϩ C-Autoref and NC-Autoref measurements of a child's refractive error, using optimal (gold standard) retinoscopy measurements as a comparison. Subjects in this study were Native American preschool children from the Tohono O'Odham Nation in Southern Arizona, a tribe with a previously documented high prevalence of astigmatism. 14 -17 Data were collected as part of a larger study of "Astigmatism and Amblyopia Among Native American Children" (AANAC), which is aimed at determining the most effective screening method for the detection of high astigmatism in preschoolers, and evaluating the effectiveness of preschool screening and glasses intervention on vision once the children reach grade school.
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METHODS
Subjects. Subjects were 42 preschool children (mean age, 4.6 years; range, 3.2 to 5.6 years) who were enrolled in the Tohono O'Odham Early Childhood Head Start Program. All Head Start enrollees received a complete eye examination as part of the AANAC research study. None of the children included in the study had any ocular abnormalities other than refractive error. The children included in this study were those seen on two scheduled eye exam dates (3/25/98 and 3/30/98) on which three retinoscopists were available to conduct eye examinations. The University of Arizona Institutional Review Board (IRB) approved this study. Written informed consent was obtained from parents of all children.
Procedure. Details of the complete testing procedure used in the AANAC protocol have been published. 18 In what follows, we provide a description of only the testing procedures that are relevant to the present study.
Before dilation, the Retinomax Kϩ was used to obtain three autorefraction measurements from the right eye of each subject. Autorefraction was performed by one of the study's trained vision screeners. Each of the three Retinomax Kϩ measurements was the "representative measurement" that the instrument calculates, based on eight "measured values." Measurements were obtained in the instrument's "normal" mode, rather than "quick" mode.
To achieve cycloplegia, each child was first given one drop of proparacaine 0.5%, followed approximately 30 s later by a single drop of cyclopentolate 2% in each eye instilled in the inferior cul de sac. Five minutes later, each child was given a single drop of cyclopentolate 1% in each eye. Drops were administered by holding the child, with the eyelid open and the pooled drop in contact with the cornea for approximately 1 second, and then lifting the upper eyelid, allowing the pooled drop to collect under the upper eyelid.
At least 40 min after the first drop of cyclopentolate was instilled, a check for residual accommodation was performed by observing the retinoscopic reflex while the child was viewing a distant television monitor displaying a cartoon, and then while the child changed fixation to view a finger puppet held alongside the retinoscope. Evidence of inadequate cycloplegia was a shift in the retinoscopic reflex as viewing distance changed. If the results of this test of residual accommodation indicated that a child's eyes had not been adequately cyclopleged, the child was asked to wait an additional 5 min. If the child's eyes were not adequately cyclopleged 45 min after the first drop of cyclopentolate, the data from the child were eliminated from analyses.
After the test for residual accommodation, each child underwent C-RNS (right eye and left eye), conducted by a pediatric ophthalmologist (JMM). Three autorefraction measurements were then obtained for the right eye of each child using the Retinomax Kϩ. The autorefractions were obtained by one of the study's trained vision screeners. Finally, two optometrists (RT and ALD) each conducted C-RNS on the right eye of each child. All three clinicians had extensive experience conducting retinoscopy on young children. None of the three retinoscopists were aware of the results of the other retinoscopists or the autorefraction measurements at the time of their examination.
Data Analysis. Analysis of variability of refractive error data was conducted using refractive data (sphere, cylinder, and axis) transformed according to a method described by Long 19 and modified by Harris. 20 A summary of this method and calculations used in the present study is provided in the Appendix.
Reproducibility of Measurements. For each subject, each of the three C-RNS measurements was converted into a value representing a point in dioptric three-dimensional space. The mean of the three values was calculated, and the vector dioptric distance (VDD) between each retinoscopy measurement and the mean of that subject's retinoscopy measurements was determined. This yielded a dioptric error value for each retinoscopy estimate of refractive error. The mean of the dioptric errors was calculated for each subject and the grand mean dioptric error was calculated across subjects. This provided a measure of the average acrossretinoscopist VDD for three retinoscopy measurements in an individual child.
The same method was used to calculate the mean VDD for the three C-Autoref measurements, and the three NC-Autoref measurements. A repeated-measures analysis of variance was used to compare mean VDDs across the three types of measurements (C-RNS, C-Autoref, and NC-Autoref).
Accuracy of Autorefraction Measurements. For each subject, validity of autorefraction measurements was evaluated in comparison with that subject's "optimal" C-RNS measurement. The optimal C-RNS measurement for each subject was the C-RNS measurement that was closest to the vector dioptric mean of the subject's three C-RNS measurements (one from each clinician; i.e., the median of the three measurements). For each subject's three C-Autoref measurements, the VDD from the optimal C-RNS measurement was calculated. This allowed us to determine if measurement validity tended to increase or decrease with repeated measures. The same analysis was conducted with each subject's three NC-Autoref measurements.
Validity and Reproducibility of Autorefraction- Harvey et al. 141 Autorefraction Measurement Bias. VDDs are always represented in positive numbers. Therefore, they do not provide any information regarding measurement bias (e.g., consistent underor over-estimation of cylinder components). To evaluate any measurement bias present in autorefraction measurements, additional comparisons between autorefraction (C-Autoref, NC-Autoref) and optimal C-RNS were conducted. Using the vector method of Harris (see Appendix), the mean optimal C-RNS measurement across subjects was subtracted from the mean of the first C-Autoref measurements (C-Autoref measure 1 for each subject) across subjects. Results were then converted back to standard notation, for evaluation of measurement bias of the sphere and cylinder components. This procedure was repeated for each subject's first NCAutoref measurement.
RESULTS
Of the 42 subjects eligible for the study, 36 completed all of the testing and are included in statistical analyses (mean age of final sample, 4.7 years; range, 3.6 to 5.6 years). Of the six subjects excluded, the eyes of one were judged to be not fully cyclopleged after the 45-min waiting time, and the other five did not complete the full testing procedure [one child was ill, one was too uncooperative (the youngest child seen), and three did not complete because of experimenter procedural errors (e.g., missing data)]. However, it should be noted that at least one autorefraction measurement and one retinoscopy measurement were obtained for each eye in 98% of subjects (41 of 42). A summary of each subject's right eye refractive error (optimal C-RNS) is provided in Table 1 .
Reproducibility of Measurements. The mean VDD (average deviation from the mean of three measurements) for C-RNS was 0.41 D (SD ϭ 0.18). The mean VDD for C-Autoref was 0.25 D (SD ϭ 0.17), and the mean VDD for NC-Autoref was 0.37 D (SD ϭ 0.21). A repeated-measures ANOVA yielded a significant effect of method on measurement reproducibility (mean VDD) [F 2, 70 ϭ 7.90, p ϭ 0.001]. Post hoc comparisons indicated that the reproducibility of C-Autoref measurements was significantly better than the reproducibility for NC-Autoref and C-RNS measurements. That is, there was less variability in C-Autoref measurements than in NC-Autoref and C-RNS measurements.
Results of reproducibility of measurements in standard notation (rather than vector notation) for spherical equivalent measurements are presented in Fig. 1 . All mean differences are 0, because the reference was the mean of the measurements. The standard deviation, calculated across 108 measurements (three measurements per subject for 36 subjects, calculated separately for each refraction method) are 0.28 D, 0.18 D, and 0.31 D for C-RNS, C-Autoref, and NC-Autoref, respectively.
Validity of Autorefraction Measurements. For each subject, the optimal C-RNS measurement (median of the three C-RNS measurements) was determined. The optimal C-RNS was the measurement from retinoscopist 1 for seven subjects (19.4%), retinoscopist 2 for 12 subjects (33.3%), and retinoscopist 3 for 17 subjects (47.2%). Statistical analysis indicated that the number of retinoscopies from each retinoscopist that contributed to the optimal did not significantly differ
The mean VDDs of autorefraction measurements from the optimal C-RNS measurements were 0.57 D (SD ϭ 0.28), 0.51 D (SD ϭ 0.24), and 0.61 D(SD ϭ 0.35) for the three (first, second, and third) C-Autoref measurements, respectively, and 1.71 D (SD ϭ 1.12), 1.66 D (SD ϭ 1.11), and 1.74 D (SD ϭ 1.25) for the three NC-Autoref measurements, respectively.
Results of validity for standard notation (rather than vector notation) spherical equivalent and cylinder measurements of each subject's first C-Autoref measurement and each subject's first NCAutoref measurement are presented in Fig. 2 . Autorefraction is compared with optimal C-RNS. The mean difference in spherical equivalent values (autorefraction Ϫ optimal C-RNS) was 0.02 D 
DISCUSSION
Autorefraction Success Rates. The results indicate that the Nikon Retinomax Kϩ can be used successfully to measure refractive error in this population of preschoolers in which there is a high prevalence of astigmatism. We were able to obtain autorefraction measurements in 98% of children eligible for this study. The results are in agreement with previous reports indicating high success Validity and Reproducibility of Autorefraction- Harvey et al. 143 rates in obtaining Retinomax measurements in children. [8] [9] [10] [11] [12] [13] 21 For example, Cordonnier and Dramaix used the Retinomax in a screening of 897 children between the ages of 6 months and 5 years and were able to obtain a measurement on 98.5% of the children. 13 Reproducibility of Measurements. The analyses of measurement reproducibility indicated that variability of NC-Autoref measurements was similar to variability of C-RNS measurements across retinoscopists. C-Autoref measurements were less variable than repeated C-RNS and NC-Autoref measurements. Reproducibility for all three methods was excellent, however, with an average deviation from the mean that was 0.41 VDD or less for each method. Table 2 summarizes the reproducibility of measurements in the present study in comparison to previous studies of reproducibility of retinoscopy and autorefraction in children. Mean difference values for sphere, spherical equivalent, and cylinder components provide an indication of measurement bias, and standard deviations and confidence intervals provide an indication of measurement variability. Studies reporting reproducibility of retinoscopy measurements (Hirsch, 1 Saunders and Westall, 5 and present study) indicate bias of up to 0.55 D in measurements of spherical equivalent and cylinder, with confidence intervals for the difference scores that ranged from Ϯ 0.39 D to Ϯ 1.14 D. Studies of the reproducibility of Retinomax autorefraction measurements (Harvey et al., 8 Cordonnier and Dramaix, 13 and present study) indicate little bias in measurements of sphere, spherical equivalent, or cylinder either with or without cycloplegia. However, there is less variability of Retinomax autorefraction measurements with cycloplegia than without cycloplegia. In addition, variability of Retino- max autorefraction measurements with cycloplegia is equal to or less than that of both cycloplegic and noncycloplegic retinoscopy.
In a recent literature review, Goss and Grosvenor 22 summarized data on reliability of refraction in adults tested with a variety of techniques, including subjective refraction, retinoscopy, and autorefraction. They concluded that the 95% confidence interval for repeated clinical refractions was Ϯ 0.50 D. This value represents a standard with which to compare the data presented in Table 2 (i.e., studies of reliability of refraction in children). It is noteworthy that despite the differences in subject characteristics and refraction techniques, the 95% confidence intervals shown in Table 2 for children tested with cycloplegic Retinomax autorefraction are similar to the overall value reported by Goss and Grosvenor 22 for adult refractions. In summary, the results of reproducibility of C-Autoref are comparable with findings reported in studies of clinical refraction in adults 22 and are comparable with or better than reports of reproducibility of retinoscopy in children. 1, 5 Validity and Bias of Cycloplegic Autorefraction Measurements. The average deviation of each of the three C-Autoref measurements from the optimal C-RNS measurement was within 0.61 VDD. Agreement between retinoscopy and C-Autoref did not seem to vary with repeated measurements, i.e., across first, second, and third autorefractions. The mean bias for the C-Autoref was Ϫ0.07 ϩ0.21 ϫ 149, indicating little bias in measurements of sphere or cylinder, compared with C-RNS.
In Table 3 , we provide a summary of several recent studies that have examined the validity of the Retinomax in measuring cycloplegic refractive error in children. We reanalyzed our data in traditional notation (i.e., separate comparisons for sphere, cylinder, and axis components) for direct comparisons of measurement bias and variability with other studies.
The results presented in Table 3 indicate little bias (i.e., mean differences close to 0) between the autorefraction and subjective refraction, or between autorefraction and retinoscopy measurements of sphere, spherical equivalent, cylinder, and axis, with the exception of the results of Weseman and Dick who reported a mean difference of 0.59 D spherical equivalent. 9 Confidence intervals in the various studies indicated that 95% of Retinomax measurements of spherical equivalent were within Ϯ 0.72 D to Ϯ 1.39 D of retinoscopy, but greater variability (Ϯ1.65 D) was reported in a study comparing the Retinomax with subjective refinement. 8 For measurements of cylinder, 95% of Retinomax measurements were within Ϯ 0.20 D to Ϯ 0.94 D of either retinoscopy or subjective refraction measurements. Kallay et al. 12 reported the least variability in measurements of sphere, cylinder, and axis in their comparison between refractions obtained with the Retino-
TABLE 3.
Comparison of studies evaluating the accuracy of the Retinomax for use with children. All measurements were made with cycloplegia. max and refractions obtained with the Topcon RM-A-6000 autorefractor.
In the present study, there was slightly less variability in measurement validity (i.e., smaller standard deviations) of sphere and VDDs compared with previous studies (Table 3) . It is possible that we found less variability in the present study because we compared Retinomax Kϩ measurements with the median of three retinoscopy measurements, thus eliminating any outlier retinoscopy measurements that may have been obtained, for example, in uncooperative subjects. In contrast, other studies compared Retinomax measurements with individual retinoscopy measurements. The differences in variability and measurement agreement between studies may also be attributable to age differences in the samples, and to other differences in the populations represented in each study (e.g., the high prevalence of astigmatism in our study population). [14] [15] [16] [17] Accuracy and Bias of Noncycloplegic Autorefraction: Implications for Vision Screening. The results indicate that there was good reproducibility of NC-Autoref measurements (mean VDD ϭ 0.37 D (SD ϭ 0.21). However, mean differences between NC-Autoref measurements and optimal C-RNS measurements ranged from 1.66 D to 1.74 D, with relatively large standard deviations (1.11 to 1.25). The large standard deviations probably reflect variations in relaxation of accommodation among subjects. The large VDDs probably indicate that accommodation is not sufficiently relaxed during NC-Autoref measurements, resulting in underestimation of hyperopia. Although VDDs do not provide an indication of the direction of measurement bias, the mean bias between NC-Autoref and optimal retinoscopy measurements support this interpretation (mean bias ϭ Ϫ1.33 ϩ0.34 ϫ 178). This interpretation is also supported by the data in Fig. 1 , which indicate a negative shift in NC-Autoref measurements of spherical equivalent (Fig. 1C) , compared to C-Autoref measurements (Fig. 1B) in the same subjects. In summary, the results indicate that although NC-Autoref provides reliable measurements within subjects (i.e., good reproducibility), results of comparisons with optimal C-RNS measurements indicate that it underestimates hyperopia (overestimates myopia) and that measurement validity varies considerably among subjects.
El-Defrawy and his colleagues also obtained NC-Autoref data on their subjects. 10 Statistical comparisons between NC-Autoref and retinoscopy were not reported, but the authors did indicate that that NC-Autoref results were "grossly inaccurate and overestimated myopia by up to Ϫ8.00 D." In an earlier study of 77 Native American preschoolers, we reported a mean bias of Ϫ1.23 D spherical equivalent, and Ϫ0.08 D cylinder for NC-Autoref measurements compared with C-Autoref measurements. 11 In the present study, we also found that NC-Autoref underestimated hyperopia (overestimated myopia). However, we may not have found as great an overestimation of myopia as did El-Defrawy and his colleagues (maximum difference between optimal C-RNS and NC-Autoref ϭ 5.66 VDD in the present study), possibly because of greater cooperation in our older subjects (36 to 60 months in the present study vs. 5 to 72 months in the study by El-Defrawy et al.). 10 The mean bias for NC-Autoref (Ϫ1.33 ϩ0.34 ϫ 178) in the present study indicates that there was relatively little bias in measurements of cylinder. Previous studies evaluating agreement between cycloplegic and noncycloplegic refractions have also found good agreement in measures of cylinder power. 11, 23, 24 These data suggest that noncycloplegic Retinomax measurements might serve as a useful screening tool for detection of high astigmatism. We are currently evaluating the sensitivity and specificity of the Retinomax Kϩ in detecting astigmatism in a large sample of preschoolers with a high prevalence of astigmatism as part of the "Astigmatism and Amblyopia Among Native American Children" research study. In a preliminary analysis of data from 245 Native American preschoolers, we found that NC-Autoref measurements of refractive astigmatism had sensitivity and specificity of 91% and 86%, respectively, for detection of significant refractive astigmatism (2.00 D or more for 3-year-olds and 1.50 D for 4-year-olds, based on C-Autoref measurements). 21 The Retinomax may also serve as a useful screening tool for detection of myopia and hyperopia. Additional research on large numbers of subjects with a wide range of spherical refractive errors would help determine if there is an appropriate referral value, correction constant, or regression formula that can be applied to noncycloplegic Retinomax measurements to achieve high sensitivity and specificity for detection of significant myopia or hyperopia. For example, Chan and Edwards compared the results of cycloplegic and noncycloplegic measurements of Chinese preschool children and reported that the cycloplegic measurement can be estimated by multiplying the spherical component of the noncycloplegic measurement by 1.45, and adding ϩ0.39 to the result. 23 Cordonnier and Dramaix 13 evaluated the Retinomax for use in screening for high hyperopia in children from 6 months to 5 years of age. They found that a threshold of ϩ1.50 D spherical refractive error in the most hyperopic meridian as measured by the Retinomax without cycloplegia provided a sensitivity of 70.2% and a specificity of 94.6% for the detection of abnormal hyperopia (defined as ϩ3.50 D by cycloplegic refraction). 13 Determination of an accurate equation for estimation of refractive error from noncycloplegic measurements might make the Retinomax Kϩ extremely valuable for vision screening in young children. However, the large between-subjects variability in agreement between NCAutoref and optimal C-RNS reported in the present study make this prospect somewhat questionable.
CONCLUSIONS
The results of the present study indicate that cycloplegic measurements made with the Nikon Retinomax Kϩ autorefractor provide highly reliable and accurate measurements of refractive error in young children. Repeatability of the instrument's measurements is comparable with or superior to retinoscopy in children, indicating that the Retinomax Kϩ might be useful in clinical settings, to reliably document change over time, and in research settings, to reduce measurement bias and provide standardization of measurements.
The repeatability and validity of Retinomax Kϩ measurements obtained without cycloplegia indicate that although the instrument's measurements are reliable within subjects, there is large variability in validity between subjects. Future research might be directed toward further examining this finding and evaluating the Retinomax Kϩ for use in screening of young children. 
APPENDIX: CALCULATION OF VECTOR DIOPTRIC DISTANCE
The statistical analysis of clinical refraction data has traditionally been hampered by the fact that although sphere powers can readily be combined and subtracted from each other, the same is not true when cylinder power is present. This is because unless cylinder axes coincide with each other, simple addition or subtraction cannot combine the powers associated with each axis. In the last decade, two very clinically relevant techniques have been developed that break a spherocylindrical refracting surface into independent components that form an orthogonal set.
The first method, as implemented by Harris, 20 decomposes the spherocylindrical surface into two perpendicular cylindrical surfaces, and a Jackson-Cross Cylinder whose axes straddle the first two cylinders. The second method, as implemented by Thibos, 25 describes the refracting surfaces as a spherical lens (whose power is equal to the spherical equivalent of the spherocylindrical lens) that is combined with two Jackson-Cross cylinder lenses, one with axis 0°, and the other with axis 45°.
Either method (Harris or Thibos) greatly facilitates the comparison of refractive data, and each might be preferred for certain calculations. Each method results in the decomposition of a spherocylindrical lens into three independent (orthogonal) component parts that can be analyzed separately. In the examples that follow, sp is sphere power in clinical notation, cp is cylinder power in plus-cylinder clinical notation, and ax is axis in clinical notation in degrees.
The Harris Method: Conversion from Clinical to Vector Notation
Convert the sphere (sp), cylinder (cp), and axis (ax) into an equivalent pair of cylinders oriented at 90 and 180°, and an obliquely oriented Jackson-Cross cylinder. In the equations that follow, hcp is horizontal cylinder power associated with the cylinder whose axis is at 180°, ccp is the cross cylinder power associated with the oblique cross cylinder; and vcp is vertical cylinder power associated with the cylinder whose axis is at 90°.
The formulas for converting sp, cp, and ax into vcp, ccp, and hcp follow (Equations 1 to 3) . Several examples of sp, cp, ax, and vcp, ccp, and hcp are provided in Table 4. vcp ϭ sp ϩ cp ϫ sin(ax) ϫ sin(ax) (1) ccp ϭ Ϫcp ϫ sin(ax) ϫ cos(ax)
hcp ϭ sp ϩ cp ϫ cos(ax) ϫ cos(ax)
The Harris Method: Conversion from Vector to Clinical Notation
Average values of refraction, differences between refractions, and summation of refracting surfaces can be calculated by performing appropriate operations on the orthogonal components of the vcp, ccp, and hcp of the spherocylinder lens. However, clinical relevance demands that the resultant values of vcp, ccp, and hcp be converted back into clinical notation. This conversion is accomplished by the operations given in Equations 4 -6. 
The Thibos Method: Conversion from Clinical to Vector Notation
Convert the spherocylindrical lens into a mean lens having power equal to the spherical equivalent of the spherocylinder lens, and two Jackson-Cross lenses that are oriented at 0°and 45°. In the equations that follow, M is the mean (spherical equivalent) power, J0 is the Jackson-cross cylinder power (axis 180°), and J45 is the Jackson-cross cylinder power (axis 45°).
The formulas for converting sp, cp, and ax into M, J0, and J45 are given by Equations 7 to 9. Several examples of M, J0, and J45 are provided in Table 5 .
J0 ϭ Ϫ(cp/2) ϫ cos(2 ϫ ax)
J45 ϭ Ϫ(cp/2) ϫ sin(2 ϫ ax) 
